Abstract. Dasatinib is a tyrosine kinase inhibitor, which inhibits tumor proliferation by blocking SRC pathways and is considered as a potential treatment of various epithelial neoplasms, including pancreatic cancer. However, dasatinib efficacy is largely limited due to drug resistance. In the present study, bioinformatics strategies were used to investigate the potential mechanisms of dasatinib-resistance in pancreatic cancer. The gene expression profiles of the Panc0403, Panc0504, Panc1005 (dasatinib-sensitive), SU8686, MiaPaCa2 and Panc1 (acquired dasatinib-resistant) cell lines were obtained from the gene expression omnibus database. The differentially expressed genes (DEGs) were then selected using R software. In addition, gene ontology (GO) and pathway enrichment analysis were performed through the Database for Annotation, Visualization and Integrated Discovery. A protein-protein interaction (PPI) network was constructed and analyzed to determine the hub genes using the Search Tool for the Retrieval of Interacting Genes database. A total of 472 DEGs, including vimentin, transmembrane 4 l six family member 18 and S100 calcium binding protein P, were identified. Enrichment analysis by GO function demonstrated that DEGs were associated with extracellular components, signal regulation and binding factors. The analysis of the Kyoto Encyclopedia of Genes and Genomes demonstrated that several adenocarcinoma pathways were enriched, including the phosphoinositide 3-kinases/protein kinase B and mitogen-activated protein kinase signaling pathways. Some hub genes were highlighted following the PPI network construction, including Rac family small GTPase 1, laminin subunit α3, integrin subunit β4, integrin subunit α2, collagen type VI α1 chain, collagen type I α2 chain, arrestin β1 and synaptotagmin 1, which may be associated with pancreatic adenocarcinoma prognosis. A total of five out of eight hub genes were highly associated with the overall survival rate (P<0.05). In conclusion, the present study reported novel insights into the mechanisms of dasatinib resistance. Identification of these hub genes may be considered as potential novel treatment targets for dasatinib-resistance in pancreatic cancer.
Introduction
Pancreatic cancer is one of the most common types of cancer worldwide and the fourth leading cause of cancer-associated mortality in developed countries (1, 2) . Pancreatic cancer is a malignant disease with a median survival time of 3-6 months and a 5-year survival rate of less than 5% (3, 4) . Chemotherapy is the primary adjuvant therapy for pancreatic cancer (5) . Dasatinib is an oral inhibitor of dual Bcr/Abl and Src family kinases (6) commonly used in hematopoietic tumors (7) . Src kinase was one of the earliest discovered proto-oncoproteins in humans, which exhibits high activity in a number of human tumors and is involved in the process of malignant transformation of cells (8) . The Src-mediated tumor cell signal transduction network serves a crucial role in tumorigenic processes, such as cell growth (9) . Activated Src kinase promotes cell proliferation through the Ras/Raf/mitogen-activated protein kinase (MAPK) pathway (10) . Dasatinib is also an Src inhibitor approved by the Food and Drug Administration (FDA) for the treatment of pancreatic cancer (11) . A previous study reported that Dasatinib could treat epithelial neoplasms, including pancreatic cancer (12) . In addition, dasatinib can slow down cancer metastasis and the progression of human pancreatic ductal adenocarcinoma (PDAC) in orthotopic mouse models, and may be able to stimulate PDAC cell apoptosis in humans and mice (13) (14) (15) . Bartscht et al (16) reported that dasatinib inhibits the function of Src kinases and transforming growth factor β 1 (TGF-β1) in clinical and experimental therapeutics to prevent the metastatic spread of late-stage PDAC. Dasatinib is a highly promising treatment of pancreatic cancer; however, most patients who have a good response to inhibitors typically experience disease recurrence due to drug-resistance development, which becomes a severe clinical problem (11) . The mechanism of acquired dasatinib resistance is unclear. Previous studies reported that SRC/TGF-β alteration and multiple signals, such as the MAPK signaling pathways, may be associated with the progression of drug resistance (17, 18) . Beauchamp et al (19) revealed that acquired dasatinib resistance may be related to a discoidin domain receptor tyrosine kinase 2 gatekeeper mutation and the loss of neurofibromatosis type 1. These studies demonstrated that multiple genes participate in the development of dasatinib-resistance, and that alterations in multiple genes are often associated with cells resistance to dasatinib. Therefore, it is not advisable to study the mechanism of drug resistance through single gene changes or pathways.
Identification of biomarkers and their functions in dasatinib-resistant pancreatic cancer using bioinformatics analysis
Since the precise molecular mechanisms underlying dasatinib resistance remain unknown, studies on novel treatments are still in the early stages and their outcomes are not optimal; the majority of studies focus on specific molecular targets or genes, ignoring the possibility that dasatinib resistance may be due to the abnormal expression of multiple genes (20) . Traditional treatment methods, which only consider one gene, may be unable to combat drug resistance (21) . It is therefore crucial to investigate the resistance-associated gene variations using novel methods, including genome-wide technologies, which may provide new understanding of dasatinib resistance and allow the development of novel treatment strategy.
Microarray is a tool for high-throughput screening, which is used for the analysis of global gene expression profiles, particularly for the study of the underlying mechanisms of various diseases. In the present study, the gene expression profiles of dasatinib-resistant pancreatic cancer cells were analyzed using public microarray data to better understand the underlying mechanisms of dasatinib resistance. Bioinformatics methods were used to search for differentially expressed genes (DEGs) between dasatinib-sensitive and dasatinib-resistant pancreatic cancer cells. The functions of the DEGs were evaluated using gene ontology (GO) annotation, pathway enrichment and the construction of a protein-protein interaction (PPI) network. The present study aimed to understand the mechanisms of drug resistance and to determine potential tumor therapy targets to prevent dasatinib resistance.
Materials and methods
DEG identification from public microarray data. To identify DEGs from acquired dasatinib-resistant pancreatic cancer cells, the shared gene expression profile (GSE59357) was obtained from the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo). This dataset was uploaded by Chien et al (11) . The information included the Panc0403, Panc0504, Panc1005 (dasatinib-sensitive), SU8686, MiaPaCa2 and Panc1 (dasatinib-resistant) cell lines. The dataset was analyzed using R software (R version 3.4.1; https://mirrors. tuna.tsinghua.edu.cn/CRAn). Student's t-test was utilized to screen the dasatinib resistance-associated DEGs among the cell lines, using a threshold of P<0.05 and a fold change ≥1.5.
Functional enrichment analysis of DEGs. The Database for Annotation, Visualization and Integrated Discovery (DAVID, https://david.ncifcrf.gov) was used to perform the functional enrichment analysis of the DEGs, including gene ontology (GO) functional analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. In the GO analysis, the categories included cellular component (CC), biological process (BP) and molecular function (MF) terms, and a P-value of <0.01 was considered to indicate a statistically significant difference. In the KEGG pathway analysis, enriched pathways were identified based on their hypergeometric distribution with a P-value of <0.05.
Construction of a PPI network by Search Tool for the Retrieval of Interacting Genes (STRING).
The 472 identified DEGs were analyzed by inputting the identification numbers of the DEGs into the online tool STRInG (https://string-db. org). A combined score of ≥0.7 (high confidence score) was considered significant. The hub proteins were chosen based on their associations with other proteins: Proteins coded by DEGs that were associated with a higher number of other DEGs were considered to serve important roles in the PPI network.
Analysis of the hub genes and their association with pancreatic adenocarcinoma prognosis. The Oncolnc website (http://www.oncolnc.org), which uses The Cancer Genome Atlas database for survival analysis of cancer patients, was used to analyze the hub genes and their association with the prognosis of patients with pancreatic cancer.
Results

Identification of the DEGs between dasatinib-sensitive and acquired dasatinib-resistant pancreatic cancer cells.
The 't test' option in R software was used to research the gene expression profiles from the GSE59357 public microarray dataset. It highlighted the DEGs between Panc0403, Panc0504, Panc1005 (Dasatinib-sensitive), SU8686, MiaPaCa2 and Panc1 (acquired Dasatinib-resistant) pancreatic cancer cells. (Fig. 1) . A total of 472 DEGs were identified, which comprised 333 downregulated and 139 upregulated DEGs. The top 10 upregulated and downregulated DEGs are listed in Table I . The functional annotation and pathway enrichment of DEGs. To investigate the biological functions of the identified DEGs, GO analysis was used in DAVID to cluster the data. The enriched GO terms were separated into CC, BP and MF ontology categories (Fig. 2) .
In the CC ontology ( Fig. 2A) , most of the enriched categories were associated with cell membrane components, including 'extracellular region' (175 genes), 'membrane-bounded vesicles' (160 genes) and 'extracellular vesicles' (126 genes). In addition, the other highly enriched terms included 'extracellular organelles' (126 genes), 'the extracellular region' (162 genes) and 'extracellular exosomes' (125 genes). In the BP ontology (Fig. 2B) , the highest number of DEGs were enriched in regulation-associated terms, including 'signal regulation' (118 genes), 'cell communication regulation' (118 genes), 'molecular function regulation' (117 genes) and 'signal transduction regulation' (107 genes). A number of enriched categories were associated with transduction, apoptosis and localization, such as 'cell proliferation' (95 genes), 'intracellular signal transduction' (100 genes), 'apoptotic processes' (73 genes) and 'macromolecule localization' (97 genes). In the MF ontology ( Fig. 2C ), regulator-associated and binding-associated components accounted for the majority of the enriched GO categories, including 'molecular function regulation' (61 genes), 'identical protein binding' (57 genes), 'enzyme regulator activity' (43 genes) and 'cytoskeletal protein binding' (35 genes).
Furthermore, the KEGG pathway analysis identified dysfunctional enriched pathways, including 'pathways in cancer' (26 genes), 'phosphoinositide 3-kinase (PI3K)-protein kinase B (Akt) signaling pathway' (20 genes), 'MAPK signaling pathway' (16 genes), 'transcriptional misregulation in cancer' (13 genes) and 'p53 signaling pathway' (6 genes; Table II ).
Construction of a PPI network. STRInG, which is a database used for the prediction of protein association, was used to predict the protein interactions among the identified DEGs. Firstly, the 472 DEGs were entered in the STRInG website to obtain their PPI data. Then, if the combined score was ≥0.7, the PPIs were chosen to construct a PPI network. In the PPI network, eight node proteins, including arrestin β1 (ARRB1), synaptotagmin 1 (SyT1), collagen type I α2 chain (COL1A2), collagen type VI α1 chain (COL6A1), integrin subunit β4 (ITGB4), integrin subunit α2 (ITGA2), laminin subunit α3 (LAMA3) and Rac family small GTPase 1 (RAC1) had a high association with other node proteins (>7), which demonstrated their increased hub degrees (Table III; Fig. 3 ). The hub genes may therefore serve a crucial role in dasatinib resistance within pancreatic cancer.
Association between hub genes and pancreatic adenocarcinoma prognosis. The Oncolnc website was used to analyze the hub genes and five hub genes were found to have a strong association with pancreatic adenocarcinoma prognosis in 174 patients (Fig. 4) . Kaplan-Meier survival analysis demonstrated that high expression levels of the hub genes COL1A2, ITGB4, ITGA2, LAMA3 and RAC1 were associated with a poorer overall survival in 174 patients with pancreatic adenocarcinoma compared with patients with low expression 
Discussion
In pancreatic cancer, vascular endothelial growth factor receptor (VEGFR), epidermal growth factor receptor (EGFR), insulin-like growth factor 1 receptor (IGF1R) or matrix metalloproteinases (MMPs), such as MMP-9, are commonly overexpressed, which allows treatment of pancreatic cancer using certain small molecule inhibitors against these proteins (22, 23) . Dasatinib is a potent receptor tyrosine kinase/Src inhibitor, which reduces pancreatic tumor cell growth in vitro (11) . Dasatinib is also FDA-approved for the treatment of pancreatic tumors (11) . Previous studies have reported that increased activation of Src kinases, which are molecular targets of dasatinib, is associated with poor survival in patients with pancreatic cancer (15) . In these patients, co-treatment with dasatinib and gemcitabine may contribute to disease stability (24) . However, drug resistance frequently develops rapidly. Dasatinib resistance is a major challenge for the treatment of patients with pancreatic cancer (25) . It is therefore crucial to determine the underlying mechanisms of dasatinib resistance in order to develop appropriate therapeutic strategies against drug resistance. In the present study, DEGs were identified between dasatinib-sensitive and dasatinib-resistant pancreatic cancer cells. GO annotation and pathway enrichment were then performed to analyze the functions of theses DEGs. The association between these DEGs was analyzed by constructing a PPI network. In addition, Kaplan-Meier survival analysis revealed that some DEGs were highly associated with the prognosis of patients with pancreatic cancer. numerous hub genes were confirmed to serve a key role in dasatinib resistance, and may therefore be considered as potent molecular targets for the treatment of dasatinib-resistance in pancreatic cancer.
A total of 472 DEGs between dasatinib-resistant and dasatinib-sensitive pancreatic cancer cells were identified, including 139 upregulated and 333 downregulated DEGs. Amongst these DEGs, some had a significant fold change (>3) in dasatinib-resistant cancer cells compared with dasatinib-sensitive cells. Vimentin (VIM), transmembrane 4 l six family member 18, serglycin, keratin 7, lipocalin 2 (LCn2), tumor associated calcium signal transducer 2 and S100 calcium binding protein P had 5.05, 3.89, 3.71, -4.35, -4.4, -5.04 and -5.27 fold changes, respectively. Therefore, these DEGs may represent biomarkers of dasatinib resistance. However, the molecular mechanisms underlying dasatinib resistance remain unclear and require further investigation. Previous studies have reported that these DEGs may contribute to pancreatic cancer in different ways. For example, VIM, which is an important factor that coordinates epithelial to mesenchymal transition and is therefore associated with pancreatic tumor aggressiveness (26) , was an upregulated DEG in dasatinib-resistant cell lines in the present study. VIM also participates in colonic neoplastic progression and resistance to histone deacetylase inhibitors (27) . Conversely, methylthioadenosine phosphorylase (MATP), which has been considered as a potential therapeutic target for cancer cells with a 9p21 deletion (28) , was a downregulated DEG in dasatinib-resistant cell lines in the present study. A homozygous deletion of MATP with p16InK/CDKn2A has often been reported in invasive pancreatic cancer (29) . In addition, BCL2 interacting killer (BIK) was a downregulated DEG in dasatinib-resistant cells in a previous study (11) . ERK1/2 degrades BIK in SRC-, BRAF-or KRAS-activated tumors (30) . In conclusion, the DEGs identified in the present study may influence the progression and development of pancreatic cancer, and may contribute to dasatinib resistance through intricate molecular mechanisms.
The biological functions of the DEGs identified in the present study were determined by GO annotation using the DAVID database. In the CC ontology, the majority of enriched DEGs were associated with cell membrane components, whereas a number of enriched DEGs were associated with non-membrane-related components, including the actin cytoskeleton and extracellular exosome. Mithraprabhu et al (31) , reported that the actin cytoskeleton may be involved in the drug resistance of numerous cancers. The results of the CC ontology in the present study demonstrated that the development of dasatinib resistance was caused by complex cellular mechanisms and may be associated with membrane and non-membrane cellular structure. The results of the BP ontology indicated that the regulation-associated components were the most enriched, including the regulation of signaling pathways, such as 'signal regulation' (118 genes) and 'cell communication regulation' (118 genes). The remaining enriched categories were associated with cell proliferation, transduction, apoptosis and localization, including 'cell proliferation' (95 genes), 'intracellular signal transduction' (100 genes), 'apoptotic processes' (73 genes) and 'macromolecule localization' (97 genes).
Drug resistance is associated with abnormalities in signaling pathways, such as the PI3K/AKT/mTOR signaling pathway (32) . A drug is a foreign chemical capable of damaging tumor cells, and drug resistance is considered as a cellular adaption to drugs. Regulation of signaling pathways is therefore a key factor in the development of drug resistance. In response to dasatinib, tumor cells are able to develop resistance through mutation or activation of certain pathways. For instance, the MAPK pathway may contribute to the resistance of dasatinib (18) . During the adaptation process, numerous gene alterations occur in tumors and may lead to signaling pathway dysfunction, which may influence cell proliferation, transduction, apoptosis and localization (33) and result in persistent cell proliferation, even when tumor cells are exposed to the drug (34) . The results of the present study indicated that isolated DEGs may affect certain molecular mechanisms associated with dasatinib resistance in pancreatic tumors. In the MF ontology, most categories comprised of regulation and binding-associated components, including 'molecular function regulation' and 'calcium ion binding'. These results suggested that the highlighted DEGs may participate in the regulation of molecular function and ionic pumps. The 'molecular function regulator' GO term is associated with drug resistance (35) , and some DEGs identified in the present study may have significant molecular functions. For example, a previous study reported that VIM is associated with drug resistance (36) . In addition, LCN2 enhances migration and cisplatin resistance in endometrial cell carcinoma (37) . Ion pumps also confer drug resistance in various types of cancer, such as gastric, colorectal and lung cancer (38) . The DEGs highlighted in the present study may therefore serve crucial roles in dasatinib resistance through regulator-associated components and/or binding-associated components. However, further investigation is necessary to confirm these hypotheses.
Pathway analysis may provide additional information on biological gene function compared with GO analysis. In the present study, significant pathways were identified, including the PI3K/Akt and MAPK signaling pathways. Signaling pathways in cancer may participate in the development of drug resistance; for example, Guo et al (39) have reported that the P38/MAPK pathway serves an important role in the chemotherapy resistance of vincristine in gastric cancer cells. In addition, the PI3K/Akt and MAPK signaling pathways are crucial for cancer development, since they are involved in cell proliferation, maintenance, invasion, drug-resistance and metastasis (40, 41) . However, the association between the molecular mechanism of dasatinib resistance and these signaling pathways remains unknown and requires further investigation.
Through the construction of a PPI network, the results from the present study demonstrated that the local network comprised a series of hub proteins, including ARRB1, SyT1, COL1A2, COL6A1, ITGB4, ITGA2, LAMA3 and RAC1. It has been previously reported that these genes are associated with drug resistance and cancer progression; for example, ARRB1 is an epigenetic regulator and an important molecule in signal transduction pathways (42) . Rosanò et al (43) reported that ARRB1 participates in the Wnt signaling pathway, which leads to chemotherapy resistance in ovarian tumor cells. In addition, SYT1 may contribute to cellular resistance to environmental stresses, such as mechanical stress (44) . Jun et al (45) revealed that SYT1 increases lung cancer invasiveness through the activation of CD74-ROS, which is a fusion kinase in lung cancer. COL1A2 and COL6A1 are crucial molecules associated with drug resistance, and increased expression of COL1A2 is involved in drug resistance in ovarian cancer cells (46) . In addition, COL6A1 promotes cancer growth and is upregulated in castration-resistant tumors (47) . Furthermore, integrins are related to transmembrane glycoprotein receptors in a non-covalent way; ITGB4 is associated with the progression of taxane-resistant prostate cancer (48) , and nones et al (49) reported that ITGA2 hypomethylation is associated with its high expression and with poor survival in PDAC. In the present study, COL1A2, COL6A1, ITGB4, ITGA2 and LAMA3 were associated with the PI3K/AKT signaling pathway, which indicated that the PI3K/AKT signaling pathway was enriched in cancer. RAC1 serves key roles in a number of signaling pathways, including the PI3K/AKT and the MAPK signaling pathways (50, 51) . RAC1 is therefore a focal point for research on tumor resistance (52). Wang et al (53) reported that RAC1 can promote chemotherapy resistance in leukemia cells through the activation of Rac1 GTPase. Previous studies demonstrated that mutations in RAC1 P29S induce RAF inhibitor resistance in melanoma cells (54) . RAC1 was highly associated with drug resistance through different signaling pathways based on the results of the GO and KEGG term analysis in the present study. Furthermore, the association between the aforementioned hub genes and the survival curves for pancreatic adenocarcinoma revealed that five hub genes (COL1A2, ITGB4, ITGA2, LAMA3 and RAC1) were significantly associated with the overall survival of patients with pancreatic cancer. These findings supported the hypothesis that these hub genes may serve crucial roles in dasatinib resistance. However, whether certain distinct molecular mechanisms of dasatinib resistance exist, and whether these genes can be targets for the treatment of dasatinib resistant pancreatic carcinoma remain unclear.
In conclusion, the results from the present study revealed certain distinct mechanisms of dasatinib resistance in pancreatic cancer. Bioinformatics approaches were used to determine the DEGs in dasatinib-resistant pancreatic cancer cells. The aberrant signaling pathways were associated with dasatinib-resistant pancreatic tumors. In addition, five hub genes were identified as potential targets for the treatment of dasatinib resistance. The results from the current study may provide a valuable insight for the determination of dasatinib-resistance in pancreatic cancer. However, further investigation is required. yTC, JFS, XWC, HHZ, yG, XC and JFC participated in the statistical analysis and contributed to the interpretation of the results as well as the writing of the manuscript. All authors read and approved the final manuscript.
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